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Introduction
Peri-substituted naphthalenes incorporating large heteroatoms, confined in close proximity with separations shorter than the sum of van der Waals radii, have received great attention.
[1] Un-substituted ("ideal") naphthalene is known to be rigidly planar with unequal bond lengths and bond angles.
[2] The peri-carbon atoms are separated by a distance of 2.44 Å, [2] sufficient to accommodate two hydrogen atoms but it is reasonable to expect that with larger substituents occupying the peri-positions there will be considerable steric hindrance. [3] Repulsive steric effects caused by the crowding of substituents can be overcome by attractive weak or strong intramolecular interactions, or by the deformation of the naphthalene skeleton away from "ideal". [3, 4] This gives rise to structurally distorted compounds with unusual bonding and geometry. [3] X-ray structural data has played a crucial role when analysing the extent of steric strain and the amount of distortion occurring in non-ideal naphthalenes and has helped to elucidate attractive effects between peri-atoms and verify the existence of weak intra-and intermolecular interactions. [4] To quantify the extent of naphthalene distortion taking place in a given molecule, the naphthalene geometry is compared with that of "ideal" or un-substituted naphthalene.
[2, 5, 6] Steric strain operating between crowded peri-atoms can also be relieved by coordination of the bidentate ligand to a bridging metal center, forming a stable ring complex (chelate). [7] Phosphines being neutral two electron donors are one of the most versatile ligands that can bind to late transition metals. [8] The complexes they form are important in organic synthesis and have been shown to act as active homogeneous catalysts in reactions of industrial importance.
[9] The development of a novel class of 1,8-bisphosphine bidentate ligand utilising the rigid C 3 -naphthalene backbone and positioning phosphino groups peri-substituted on the ring has received great attention over the last 30 years. [10] Extensive work has also been carried out on mixed donor phosphorus-nitrogen compounds. [11] A leading topic of current research and one which has seen much controversy, concerns the possible occurrence of intramolecular dative bond formation leading to hypercoordination. [11, 12] Most of the pertinent work in this field has been investigated using compounds where the nitrogen atom can donate a pair of electrons in the formation 3 of a coordination bond with acceptor heteroatoms such as Si or P. [13] Upon bond formation the acceptor species finds itself with a greater than normal co-ordination number and is termed hypercoordinate. [13] Unlike bis-phosphines and DAN-phosphorus compounds, phosphorus-oxygen, phosphorus-sulfur and phosphorusselenium peri-substituted naphthalenes have received limited attention in the literature. These exciting new phosphorus ligands provide good models with which to study naphthalene distortion, intramolecular interactions (including possible dative bonding and hypercoordination) and metal complexation. The difference in the electronic properties between the donor atoms of the new (P,O), (P,S) and (P,Se) systems means these compounds could also be of value as hemilabile ligands. [14] During our early studies of sterically crowded 1,8-disubstituted naphthalenes we investigated di-chalcogenide ligands [15] and unusual phosphorus compounds. [16] More recently we have reported the synthesis and structural study of mixed halogen-chalcogen [5] and chalcogen-chalcogen [6] systems and the preparation of a novel mixed donor phosphorusoxygen ligand. [17] A preliminary study of the coordination chemistry of a novel phosphorus-sulfur ligand 2 has also been presented.
[18]
Figure 1 Sterically crowded peri-substituted naphthalene phosphines 1-3 and their phosphorus(V) oxygen, sulfur and selenium derivatives nO, nS, nSe (n = 1-3).
Here we report the synthesis and a comprehensive structural study of (8-phenylsulfanylnaphth-1-yl)diphenylphosphine 2, [18] along with two analogous mixed phosphorus-chalcogen peri-substituted systems, (8-ethylsulfanylnaphth-1-yl) diphenylphosphine 1 and (8-phenylselanylnaphth-1-yl)diphenylphosphine 3. [19] 1-3 react to form complete series of monoxidised oxygen, sulfur and selenium derivatives and the synthesis and molecular study of these nine compounds is also presented (Figure 1 ).
Results and Discussion
Compounds 1-3 and their chalcogeno derivatives were synthesised and crystal structures were determined for 1, 2, nO, nS and nSe (n = 1-3). All the derivatives were spectrally characterised by multinuclear NMR and IR spectroscopy and mass spectrometry and the homogeneity of the new compounds was, where possible, confirmed by microanalysis. 31 P and 77 Se NMR spectroscopy data for all compounds is displayed in Table 1 .
We have recently reported the synthesis of a series of 1-halo-8-(alkylchalcogeno)naphthalene derivatives 4-5 prepared from the stepwise halogen-lithium exchange reactions of analogous 1, 8-dibromonaphthalene and 1,8- diiodonaphthalene. [5] These compounds are ideal intermediates in the preparation of phosphorus-chalcogen peri-substituted systems 1-3. For their synthesis, the respective halogen-chalcogen compound was treated with a single equivalent of n-butyllithium in diethyl ether to afford the respective 1-lithio-8-(phenylchalcogeno)naphthalene precursor. Reaction with a single equivalent of chlorodiphenylphosphine, following standard reactions conditions, [20] afforded the respective peri-substituted naphthalene phosphine 1-3 [1 11 %, 51 % based on the bromo and iodo starting material respectively, 2 64 %, 74 %, 3 40 %, 60 % ] (Scheme 1).
Scheme 1
The preparation of (8-alkylchalocgenonaphth-1-yl) diphenylphosphines 1-3.
1-3 were characterised by elemental analysis, infra red spectroscopy, 1 H, 13 [19] δ P = -12.51 ppm); δ Se = 439.6 ppm, 4 J (P,Se) = 391.0 Hz (lit., [19] δ Se = 446.2 ppm, 4 J (P,Se) = 380.9 Hz)] (Table 1) .
Phosphines 1-3 react to form a series of three phosphorus(V) chalcogenide derivatives. In each case, under atmospheric conditions, the three coordinate phosphorus atom is readily oxidised to four coordinate phosphine oxides 1O, 2O and 3O (Scheme 2). Similarly, the treatment of 1-3 with stoichiometric amounts of sulfur and selenium powder under reflux, selectively affords the novel sulfides (1S, 2S, 3S) and selenides (1Se, 2Se, 3Se) respectively. Conversion of 1-3 to the respective P V chalcogenide derivative was achieved in 100 % yield in each case, as seen by 1 H and 31 P NMR.
Scheme 2 The preparation of the phosphorus(V) chalcogenide derivatives of 1-3.
The P V chalcogenides were characterised by elemental analysis, infra red spectroscopy, 1 H, 13 C and 31 P NMR spectroscopy and mass spectrometry. 1Se, 2Se, 3O, 3S and 3Se were analysed by 77 Se NMR spectroscopy.
Characterisation for 3O was found to be in accord with the literature [δ P = 37.99 ppm (lit., [19] δ P = 37.47 ppm); δ Se = 450.4 ppm (lit., [19] δ Se = 457.9 ppm)]. [19] were analysed, although 2 [18] and 3O [19] have been previously reported. Compound 1 crystallises with two nearly identical molecules in the asymmetric unit, all other compounds contain one molecule in the asymmetric unit. Selected interatomic distances, angles and torsion angles are listed in Table 2 and 3 . Further crystallographic information can be found in Table 7 and the Supporting Information.
Figure 2
The crystal structure of (8-ethylsulfanylnaphth-1-yl) diphenylphosphine 1 showing two independent molecules in the asymmetric unit.
The molecular structures of 1 and 2 are shown in Figures 2 and 3 respectively. Overall, the degree of steric strain operating between the peri-atoms in S(ethyl) derivative 1 is notably reduced compared to the S(phenyl) analogue 2. The displacement of the peri-atoms to opposite sides of the mean naphthalene plane occurs to a slightly unequal degree in the two independent molecules of 1 [-0.11 Å (0. [18] but there is a notable increase in the splay of the P-C and S-C bonds in the S(phenyl) derivative to alleviate the greater "perispace crowding". [22] Figure 3 The crystal structure of (8-phenylsulfanylnaphth-1-yl) diphenylphosphine 2.
The resulting geometry repels the P and S atoms to a greater non-bonded interatomic distance of 3.0330(7) Å in 2 [18] compared with the S(ethyl) derivative 1 [2.9737(14) Å (2.9469(15) Å)]. The peri-gap in both cases is still 16-18 % shorter than the sum of their collective van der Waals radii. The naphthalene units for both derivatives show only minor deviations from planarity with maximum C-C-C-C central naphthalene ring torsion angles of ca 0-4º. Repulsive forces acting between the P and S atoms are accompanied by C-C bond and C-C-C angle stretching in the naphthalene scaffold. Bond lengths around C10, closer to the repulsive forces, are on average longer than those around C5 [average 1.45 Å and 1.42 Å respectively] and C(1)-C(10)-C(9) bond angles splay to a mean 127º, wider than the "ideal" geometry observed for C(4)-C(5)-C(6) (average 119º [23] in both cases.
The geometrical structures of compounds 1 and 2 can be described by the conformation and arrangement of the naphthyl ring and ethyl/phenyl groups, relative to the two C(ar)-P(1)-C(ar) planes and the C(ar)-S(1)-C(R) plane. This can be categorised from torsion angles θ and γ respectively (see Table 2 ). When θ and γ approach 90° the orientation is denoted axial and when the angles indicate a quasi-planar arrangement (close to 180°), they are termed equatorial. [24] When angle θ is axial, the respective P-C Ph /S-C R bond lies perpendicular to the naphthyl plane whilst an equatorial conformation aligns the bond on or close to the plane. Based on the classification system presented by Nakanishi et al, [25] axial conformations of angle θ correspond to a type A structure and equatorial to type B. The twist conformation is thus type C. [24, 25] From the nomenclature reported by Nakanishi et al, [25] compounds 1 and 2 can thus be described as type BA-B and type BA-C-c (c-cis orientation of phenyl groups with respect to the naphthyl plane) respectively ( Figure   4 ). [25] One quasi-linear arrangement [S(1)···P(1)-C(11)] is observed in 2 with an angle of 174.5º, whilst two linear arrangements are observed in 1 [S(1)···P(1)-C(11), P(1)···S(1)-C(23)] with angles 163.3º (160.6º) and 161.1º (165.1º) respectively.
Figure 4
The orientation of the phenyl and ethyl groups, the type of structure and the quasi-linear arrangements of 1 and 2.
[25]
The BA-C-c conformation in 2 places one of the P(phenyl) groups and the (S)phenyl group on the same side of the naphthyl plane and in close proximity ( Figure 4) . [25] The mixed axial-twist conformation of the two phenyl rings [γ 1 92.6(11)º; γ 3 48.0(1)] results in no significant overlap and with a centroid-centroid distance of 4.32 Å, much higher than for known π-π stacking [3.3-3.8 Å] , [26] no π-π interactions are observed. Figure 5 Comparison of the peri-distances of phosphines 1-3 and their P V chalcogenides.
All non-hydrogen atoms are larger in size than a lone-pair of electrons, thus perhaps not surprisingly, an increase in steric strain is observed in chalcogenide derivatives nO, nS and nSe (n = 1-3) when O, S and Se atoms crowd the perispace instead of the lone-pair in phosphanyl compounds 1-3. The heavy chalcogen atoms are accommodated by a greater deformation of the naphthalene geometry via an increase in-plane and out-of-plane distortions and a significant twisting of the naphthalene skeleton.
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The degree of distortion is generally related to the size of the atoms residing in the peri-region. This is best observed by comparing the magnitude of the peri-distance parameter (Table 2 and 3, Figure 5 ). In each set of chalcogenide derivatives there is a marked lengthening of the peri-gap as larger atoms bind to phosphorus. The separation of the periatoms in the selenium compounds 3O, 3S and 3Se is also notably larger compared with the derivatives of sulfur compounds 1 and 2 ( Figure 5 ). P···E distances [3.12-3.28 Å] are less than the respective sum of van der Waals radii for the two peri-atoms [3.60-3.70 Å] , [21] in all cases this is between 87-90 % of the vdW sum. For derivatives of 1 and 2
this is an increase in the length of the peri-distance by 4-8 % upon the exchange of the phosphorus lone-pair for a chalcogen atom. These short non-bonded peri-distances indicate the possible existence of weak intramolecular interactions.
[27]
The increased congestion of the peri-space in the P V chalcogenide derivatives is accompanied by a significantly larger (Figure 16 ). Considerable repulsion of the P-C and E-C bonds is also evident, with positive splay angles [11.9-17.3º] helping to alleviate the "perispace crowding" (Figure 15 ). [22] The aforementioned distortions are insufficient to overcome the steric strain occurring in the bay region and are thus supplemented by major deformations of the naphthalene geometry. C-C bonds and C-C-C angles are stretched whilst a buckling of the naphthalene skeleton away from planarity takes place. Bond lengths around C10, closer to the repulsion, are on average longer than those around C5 [average 1.44 Å and 1.42 Å respectively] and C(1)-C(10)-C(9) bond angles splay to a mean 127º, away from the "ideal" geometry observed for C(4)-C(5)-C(6) (average 119º). Central naphthalene ring C-C-C-C torsion angles [4. [3] [4] [5] [6] [7] [8] [9] [10] [11] .6º] illustrate the extent and variation of twisting occurring in the naphthalene framework of the nine chalcogenide derivatives ( Figure 6 ) which are notably less planar compared with the backbones of phosphines 1 and 2 [0. [23] in all nine compounds. The P-C distances are slightly shortened on oxidation from P III in 1 and 2 to P V in the chalcogenide derivatives.
Figure 6
The least 3Se and most 1S distorted naphthalene units for the P V chalcogenides.
The molecular structures of 1O, 1S and 1Se are shown in Figure 7 . As expected, a general increase in the steric strain is observed when larger atoms occupy the peri-region. Non-covalent P···S peri-distances [3.1349(13) deviations from planarity with maximum C-C-C-C torsion angles in the range 5-6º. A major distortion of the naphthalene scaffold is observed in 1S with the deviation from planarity more pronounced and larger than any of the chalcogenides reported here; the maximum C-C-C-C torsion angle is 11.6 for C(6)-C(5)-C(10)-C(1) ( Figure 6 ).
Figure 7
The crystal structures of 1O, 1S and 1Se showing the alignment of the S(ethyl) groups and CH-π interactions.
As with the structures of compounds 1 and 2, the conformation and arrangement of the naphthyl rings and ethyl and phenyl groups for the P V chalcogenides can be categorised relative to the two C(ar)-P(1)-C(ar) planes and the C(ar)-S(1)-C(R) plane (from torsion angles θ and γ respectively; see Table 5 ). The torsion angle conformations can be related to the A, B, C type classification system presented by Nakanishi et al, [25] which can be used to describe the geometry of the molecules [angle θ: axial = type A, equatorial = type B, twist = type C]. [24, 25] Torsion angles θ, show the naphthalene units in 1O, 1S and 1Se display the same equatorial/axial/axial conformation with respect to the C(ar)-P(1)-C(ar) and C(ar)-S(1)-C(R) planes. This arrangement corresponds to a BA-A-c type arrangement ( Figure 8 ); [24, 25] one P-C Ph bond and the S-C Et bond align perpendicular to and on the same side of the naphthyl plane and the remaining P-C Ph bond adopts a position close to/on the plane. [25] One quasi-linear S···P-C Ph interaction is observed in each compound with angles approaching linearity [174.3º, 175.4º, 170.9º] (Figure 8 ).
The BA-A-c conformation places one phenyl group and the ethyl group attached to S(1) on the same side of the naphthyl plane. The chalcogen bonded to P(1) is subsequently forced to reside in the peri-region and in close contact with S(1) ( Figure 7 ). In all cases the chalcogen atom lies below the naphthyl plane, with distances as expected increasing from the plane with the increasing size of the atom [-1.7200(51) Å 1O, -2.019(5) Å 1S, -2.3022(69) Å 1Se].
Non-covalent S(1)···E (2) [27]
A large number of organosulfur compounds reported contain conformations considerably influenced by intramolecular sulfur-nucleophile interactions; [27a] such as non-bonded S···O, S···N, S···S and S···π interactions. In these molecules the S···nucleophile distance is significantly shorter than the sum of the sulfur and nucleophile van der Waals radii.
[27] While the S(1)···E(2) distances 1O, 1S and 1Se are in the range for intramolecular interaction, rotating around the C(1)-P (1) bond would bring the two interacting moieties in closer contact and produce shorter separations in line with known nonbonded interaction values. [27] If an S(1)···E(2) interaction takes place it is likely to be weak and not the fundamental influence on the geometry of the molecules.
Although all three chalcogenides adopt the BA-A-c conformation, torsion angles γ, show that the phenyl and ethyl moieties arranged cis to the naphthyl plane adopt different orientations and therefore interact slightly differently. [24, 25] In (23)···Cg (17-22) 3.644(1) Å; 1Se C (23)···Cg (17-23) 3.578(1) Å].
[28]
These are weak non-covalent attractive "hydrogen bond type" interactions between soft acids (CH) and soft bases (π-system) which have previously been shown to be important in self-assembly and molecular recognition processes, in determining conformations, selectivities of reactions and crystal structures. . [28] CH-π
Hydrogen bond distances are displayed in Table 6 .
Figure 8
The orientation of the phenyl and ethyl groups, the type of structure and the quasi-linear arrangements of nO, nS and nSe (n = 1-3).
The molecular structures of 2O, 2S and 2Se are shown in Figure 9 . As expected, P and S peri-atoms are forced to lie further apart in the chalcogenides compared to phosphine 2, with longer intramolecular peri-distances accommodating the greater steric congestion of the peri-region. Oxide 2O and sulfide 2S have lengths comparable to their S(ethyl) counterparts whilst the separation of the peri-atoms in selenide 2Se is shorter than expected and similar in size to the sulfide compounds [2 3.0339 (13) (10) Å 2Se] are comparable to those found for the S(ethyl) derivatives and shorter than the sum of van der Waals radii for the two interacting atoms by 9-12 %. [21] This once again suggests the non-bonded distance is close enough for possible weak intramolecular interactions to occur.
Figure 10
The crystal structures of 2O, 2S and 2Se showing the orientation and overlap of the phenyl rings.
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Torsion angles (γ) show that the phenyl rings arranged cis to the naphthyl plane adopt equatorial conformations in all three compounds and thus overlap in a slipped packing arrangement. [26] Variations in the twist of the phenyl groups however are observed. A greater overlap of the rings is found in 2S [γ 1 160.9(1)º, γ 3 179.5(1)º] and 2Se [γ 2 161.4(1)º, γ 3 178.6(1)º] which adopt a parallel alignment similar to the face-to-face offset arrangement ( Figure 10 ). [24, 26] The phenyl rings in 2O [γ 1 154.9(1)º, γ 3 170.0(1)º] twist in towards one another and thus do not align parallel ( Figure 10 ). In all three compounds the distances between the two interacting centroids is longer than the range for typical centroidcentroid π-stacking [3.3-3.8 Å] [26] and no π-π stacking is envisaged ···Cg (23) (24) (25) (26) (27) (28) : 2O 4.397(1) Å; 2S 3.955 (1) Å, 2Se 3.995(1) Å].
[26]
The molecular structures of 3O, 3S and 3Se are shown in Figure 11 . With the substitution of the larger Se(phenyl) moiety at the C(9) peri-position, congestion of the peri-region would be expected to increase compared with chalcogenides containing the S(ethyl) and the S(phenyl) functional groups. Greater deformation of the naphthalene geometry is observed in 3O, 3S and 3Se compared with analogous sulfur compounds to alleviate the extra steric strain.
An increase in the distortion is also observed within the group as the size of chalcogen bonded to P(1) increases.
Figure 11 The crystal structures of phosphorus(V) chalcogenides 3O, 3S and 3Se showing the difference between the

CA-C and BA-A type structures and overlap of phenyl rings.
Phosphorus and selenium functional groups lie in close proximity to each other, with non-bonded peri-distances
showing a general increase with the increasing size of the chalcogen at P(1). The peri-separation in selenide 3Se, like its sulfur analogue 2Se, is shorter than expected and similar in size to the distance of sulfide 3S. Unsurprisingly, the peri-gaps observed for the Se(phenyl) compounds are notably larger than those for analogous chalcogenides containing sulfur functional groups at the C(9) position. Nonetheless all P···Se separations are shorter than the sum of van der Waals radii for phosphorus and selenium [3. 70 Å] [21] by 0.42-0.49 Å.
A similar displacement of the peri-atoms to either side of the naphthalene least-squares plane is observed throughout the series of Se(phenyl) chalcogenides [0.40-0.60 Å] and comparable to the out-of-plane distortion for the S(phenyl)
analogues [0. 43-0.63 Å] . Distortion within the naphthyl plane however, is much more pronounced in the selenium compounds and increases significantly from oxide 3O to selenide 3Se. Large and positive splay angles of the magnitude 15.5º 3O, 16.8º 3S, 17.3º 3Se, illustrate a major tilt of the peri-bonds in opposite directions to reduce the greater steric repulsion acting between the heavy atoms in the bay region. The displacement of the phosphorus and selenium substituents within and out of the plane is accompanied by a distortion of the usually planar and rigid C 10 -unit by a twist into a non-planar conformation. The deformation of the naphthalene skeleton in selenium compounds 3O, 3S and 3Se
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corresponds to the distortion occurring in the S(phenyl) chalcogenides 2O, 2S and 2Se. Oxide 3O shows the greatest deviation from planarity with central naphthalene ring torsion angles of magnitude 6-10º, whilst a smaller contortion of the scaffold is observed for 3S and 3Se [ca 4-6º] . In fact the naphthalene unit of 3Se is the most planar of the chalcogenides reported here ( Figure 6 ).
3S and 3Se adopt the same BA-A-c type structure as the S(ethyl) and S(phenyl) chalcogenides where the conformation of the naphthalene unit is equatorial/axial/axial with respect to the C(ar)-P(1)-C(ar) and C(ar)-S(1)-C(R) planes (Figure 8, 13) . [24, 25] One quasi-linear Se···P-C Ph interaction exists in each compound with angles 173.5º and 172.9º respectively (Figure 8 ). Oxide 3O adopts a similar but notably different structural arrangement to the other chalcogenides reported here ( Figure 11 ). Relative to the C(ar)-P(1)-C(ar) and C(ar)-S(1)-C(R) planes, the naphthalene unit now assumes a twist/axial/twist arrangement [θ 1 146.5(1)º, θ 2 -99.7(1) º, θ 3 134.5(1) º] which corresponds to a CA-C type structure ( Figure 8 ). [24, 25] The P-C Ph bond and the Se-C Ph bond which align along the naphthyl plane and perpendicular to the (Figure 8 ). [24, 25] Both the BA-A and CA-C type structures position the chalcogen atom bonded to P(1) in the peri-region and in close contact with Se(1). E(2)···Se (1) increase across the series with separations shorter than the sum of van der Waals radii of the interacting atoms in all cases. [21] The O(1)···Se(1) contact in 3O is notably close with a distance 19 % shorter than the vdW sum of oxygen and selenium. This distance is shorter than expected when compared with the E(2)···E(1) distances observed in the remaining chalcogenides reported here which contain relatively longer distances (7-11% of the vdW sum). These distances are short enough for the existence of non-bonded weak intramolecular interactions to occur.
The parallel alignment of phenyl groups arranged cis to the naphthyl plane in 3S and 3Se is confirmed by torsion angles (γ) which show both rings adopt equatorial conformations [3S γ 2 164.2(1)º, γ 3 -176.5(1)º; 3Se γ 2 -20.4(1)º, γ 3 -2.2(1)º].
Although the rings adopt a parallel displacement, the distance between the two interacting centroids is longer than the range for typical centroid-centroid π-interaction [3.3-3.8 Å] [26] in both cases so no π-π stacking is envisaged [Cg (17) (18) (19) (20) (21) (22) ···Cg ( Compound 3 and its oxide 3O, were previously reported by Nakanishi et al whilst studying non-bonded lone-pair interactions in peri-substituted naphthalenes. [19] Quantum-chemical calculations performed on optimised structures of models A and B ( Figure 12 ) were used to reproduce the structure around P and Se in 3O and investigate the role of lone-pair orbitals in the non-bonded P···Se interaction on the structure of the molecule. Based on their MO calculations the 3c-4e type interaction was reported to induce a linear O···Se-H alignment in the models, and the structure of 3O
with its linear O···Se-C arrangement was therefore reported to originate from the 3c-4e type interaction of the linear O···Se-C atoms. [19] Figure 12 Ab initio MO calculations were performed by Nakanishi et al on models A and B. [19] To try and assess the possibility of direct P ... Se and E(2) ... Se bonding interactions that would indicate an onset of 3c-4e
bonding, density functional theory computations were performed for derivatives 2O, 3O, 3S and 3Se at the B3LYP/6-31+G* level. For each compound both linear type arrangements [E(2)···E(1)-C and E(1)···P-C] were evaluated ( Figure   13 ). The Wiberg bond index (WBI), [29] which measures the covalent bond order, was calculated for each linear arrangement, both for the structures found in the solid and for the minima resulting from full geometry optimisations in the gas phase. WBI values of 0.02-0.04 are obtained throughout, indicating a very minor interaction between nonbonded atoms in these compounds. For comparison, the fully covalent S-S single bond in naphtho(1,8-cd)(1,2-dithiole) has a WBI of 0.99 at the same level. For 3S and 3Se, the aromatic -stacking between phenyl groups at P and the chalcogen that is found in the solid is lost upon optimisation (due to the missing dispersion interaction at that level), but this affects the computed WBIs only slightly. When the "equatorial" Ph group on Se(1) in 1,8-bis(phenylselanyl)naphthalene is replaced with Br, Se-Se distances as short as 2.516 Å have been observed. [30] A B3LYP computation for the latter molecule from the X-ray structure affords a WBI of 0.55, suggesting a large extent of 3c-4e bonding in this case. Judging from the refined phosphorus-chalcogen and chalcogen-chalcogen distances, none of the species in the present study comes close to such a bonding situation.
Non-covalent interactions in 2O, 3O, 3S and 3Se using experimental structures (in parentheses: fully optimised structures)
Non-covalent interactions in the radical cations of 2O, 3O, 3S and 3Se using optimised structures (in parentheses: using the optimised structures of the neutral, closed-shell homologue) Further calculations were performed on the radical cations of chalcogenides 2O, 3O, 3S, and 3Se ( Figure 13 ). Whilst the Wiberg bond index values for the phosphorus-chalcogen interactions showed little change, the values for the E(2)···Se(1) interaction in the radical cations of selenium compounds 3O, 3S, and 3Se increased to 0.14-0.19 indicating a greater interaction compared to the neutral species. This increase is a consequence of the nature of the HOMO in the 15 latter species, which consists essentially of p-orbitals on E(2) and Se(1) in an antibonding combination (see Figure 1 for 3Se). As MOs with the corresponding bonding combination are lower in energy, removal of an electron from the HOMO increases the net bond order between these atoms. No similar increase was observed for the O(1)···S (1) interaction in 2O upon oxidation. 
Conclusion
Phosphorus-chalcogen naphthalenes 1-3 have been prepared via standard halogen-lithium exchange reactions of 1-halo-8-(alkylchalcogeno)naphthalene derivatives, [5] followed by treatment with dichlorodiphenylphosphine. 1-3 react to form complete series of P V chalcogenides which exhibit greater steric crowding due to the added presence of the extra chalcogen atom in the peri-region and by inference a greater deformation of the naphthalene geometry. The presence of quasi-linear three body fragments in the chalcogenides [O···Se-C Ph /E···P-C Ph : 171-178º] accompanied by O···Se and E···P distances shorter than the sum of van der Waals radii suggests attractive 3c-4e interactions could be operating. To try and assess the possibility of direct O···Se/E···P bonding interactions that would indicate an onset of 3c-4e bonding in the chalcogenides, density functional theory computations were performed for derivatives 2O, 3O, 3S and 3Se. Judging from the Wiberg bond index (WBI) [29] values of 0.02-0.04, none of the species in the present study comes close to such a bonding situation and instead steric affects dominate the overall geometry of the molecules.
We have recently reported a preliminary study of the coordination chemistry of the novel phosphorus-sulfur ligand 2 [18] showing the potential of these ligands towards specific metal coordination. The difference in electronic properties between donor atoms (P,S) and (P,Se) gives these compounds added value as hemilabile ligands [14] and the presence of the extra chalcogen atom in the chalcogenides adds the potential to form extended 7-membered chelate complexes upon coordination with transition metals.
[32]
Experimental Section
All experiments were carried out under an oxygen-and moisture-free nitrogen atmosphere using standard Schlenk techniques and glassware. Reagents were obtained from commercial sources and used as received. Dry solvents were collected from a MBraun solvent system. 1-halo-8-(phenylchalcogeno)naphthalene derivatives [5] were prepared from 1,8-dibromonaphthalene 11 [33] and 1,8-diiodonaphthalene 12. [34] Elemental analyses were performed by the University was stirred for 2 h at this temperature, after which chlorodiphenylphosphine (0.24 g, 0.2 mL, 1.1 mmol) was added slowly. The addition coloured the reaction mixture first bright yellow and finally a pale yellow. Stirring was continued for a further 2 h at -10-0°C. The mixture was allowed to warm to room temperature. The solvent was removed in vacuo and hexane (40 mL) was added to precipitate out unwanted salts. 
Nap[PPh 2 ][SEt] (1) from (4I):
A solution of 2.5 M n-butyllithium in hexane (0.4 mL, 1.0 mmol) was transferred dropwise to a freshly prepared solution of 1-iodo-8-ethylsulfanylnaphthalene (0.3 g, 1.0 mmol) in diethyl ether (10 mL)
at -10-0°C (salted ice bath). The bright mixture was stirred for 2 h at this temperature, after which chlorodiphenylphosphine (0.23 g, 0.2 mL, 1.0 mmol) was added slowly. The addition coloured the reaction mixture first bright yellow and finally a pale yellow. Stirring was continued for a further 2 h at -10-0°C. The mixture was allowed to warm to room temperature. The solvent was removed in vacuo and hexane (40 mL) was added to precipitate out unwanted salts. The solution was filtered under nitrogen and the solvent removed in vacuo (0.2 g, 52 %). The product was identified by 1 H and 31 P NMR spectroscopy. (8-ethylsulfanylnaphth-1-yl)diphenylphosphine 3 (0.10 g, 0.27 mmol) in toluene (10 mL) powdered sulfur (9 mg, 0.27 mmol) was added in small batches at 0°C. The mixture was stirred for ½ h at 0°C and another 2 h at ambient temperature. The resulting cloudy solution was filtered, the solvent was removed in vacuo and the remaining oil vigorously stirred with hexane (10 mL) over night, which resulted in a thick suspension. 3047w, 2952w, 2922s, 2851w, 2360vs, 2336vs, 1475w, 1435s, 1318w, 1247w, 1180w, 1096s, 1088s, 1023w, 994w, 973w, 917w, 880w, 820s, 764s, 746s, 690vs, 615w, 587s, 565s, 533s, 508s, 489w, 442w, 409w 3050s, 2963s, 1949w, 1884w, 1828w, 1579s, 1544s, 1472s, 1432vs, 1352w, 1308w, 1261vs, 1197s, 1092vs, 1021vs, 864w, 817vs, 801vs, 767vs, 740vs, 691vs, 592w, 539w, 499s, 474s, 424w, 387s 
Nap[PPh 2 ][SPh] (2) from (5I):
A solution of 1.6 M n-butyllithium in hexane (1.9 mL, 3.0 mmol) was transferred dropwise to a freshly prepared solution of 1-iodo-8-(phenylsulfanyl)naphthalene (1.10 g, 3.0 mmol) in diethyl ether (30 mL) at -10-0°C (salted ice bath). The bright yellow mixture was stirred for 2 h at this temperature, after which chlorodiphenylphosphine (0.67 g, 0.5 mL, 3.0 mmol) was added slowly. Stirring was continued for a further 2 h at -10-0°C. The mixture was allowed to warm to room temperature. The solvent was removed in vacuo and hexane (40 mL) was added to precipitate out unwanted salts. The solution was filtered under nitrogen and the solvent removed in vacuo.
The crude yellow solid obtained was recrystallised from hexane (0.9 g, 74 %). The product was identified by 1 H and 31 P NMR spectroscopy. 3393w, 3051w, 2360vs, 2339vs, 1954w, 1868w, 1843w, 1769w, 1716w, 1699w, 1651w, 1581w, 1557w, 1539w, 1519w, 1507w, 1475s, 1435vs, 1357w, 1321w, 1259w, 1211w, 1181vs, 1153s, 1111s, 1097s, 1067s, 1024w, 993s, 930w, 886s, 827vs, 770s, 734vs, 715s, 689vs, 632w, 614w, 587w, 563vs, 540vs, 3446br, 3062w, 1966w, 1847w, 1579s, 1543w, 1473s, 1430s, 1381w, 1357w, 1321s, 1302s, 1272w, 1199w, 1177s, 1150s, 1089s, 1022w, 989s, 916w, 882w, 824s, 20 766vs, 736vs, 687s, 642vs, 611s, 547s, 578w, 547s, 523s, 511vs, 492s, 468s, 447w, 407s 3735w, 3673w, 3649w, 3628w, 3049w, 2911w, 2851w, 2360vs, 2340vs, 1734w, 1699w, 1651w, 1558w, 1541w, 1474w, 1433s, 1310w, 1259w, 1193w, 1153w, 1088w, 1021w, 996w, 971w, 911w, 815s, 765s, 739s, 690s, 669s, 538w, 504w, 420w, 397w, 352w 
Nap[PPh 2 ][SePh] (3) from (6I):
A solution of 2.5 M n-butyllithium in hexane (0.5 mL, 1.2 mmol) was transferred dropwise to a freshly prepared solution of 1-iodo-8-(phenylselanyl)naphthalene (0.50 g, 1.2 mmol) in diethyl ether (30 mL) at -10-0°C (salted ice bath). The bright yellow mixture was stirred for 2 h at this temperature, after which chlorodiphenylphosphine (0.27 g, 0.2 mL, 1.2 mmol) was added slowly. Stirring was continued for a further 2 h at -10-0°C. The mixture was allowed to warm to room temperature. The solvent was removed in vacuo and hexane (40 mL) 21 was added to precipitate out unwanted salts. The solution was filtered under nitrogen and the solvent removed in vacuo to give a yellow oil (0.5 g, 89 %); The product was identified by 1 H and 31 P NMR spectroscopy. 3423br, 3053s, 2924w, 1960w, 1893w, 1809w, 1589w, 1472s, 1436vs, 1314s, 1176vs, 1115vs, 1068w, 1022w, 997w, 981w, 923w, 866w, 821s, 763vs, 744vs, 721vs, 693vs, 541vs, 505s, 469w, 447w, 426w 8.00-7.88 (m, 2 H; nap 4,7-H), 7.76-7.62 (m, 4 H; 2 x PPh 2 2,6-H), 7.48-7.22 (m, 9 H; nap 2,3,6-H, 2 x PPh 2 3-5-H), 3 H;  2925vs, 1871vs, 1574w, 1474s, 1434vs, 1375w, 1317w, 1260s, 1192w, 1177w, 1095s, 1064w, 1021s, 994w, 936s, 863w, 797vs, 769s, 732vs, 718vs, 690vs, 639s, 539s, 509s, 454w, 414w 7.94-7.83 (m, 2 H; nap 4,7-H), 7.43-7.14 (m, 13 H; nap 2,3,6-H, 2 x PPh 2 2-6-H), 3 H; 2018vs, 1954vs, 1918vs, 1732w, 1651s, 1574w, 1473s, 1433s, 1316w, 1261s, 1197w, 1178w, 1156w, 1096s, 1019w, 995w, 978w, 905w, 862w, 824s, 800s, 774w, 765s, 748s, 735s, 686s, 662w, 615w, 583s, 557s, 524s, 505s, 486s, 458s, 443s, 413s Crystal structure analyses X-ray crystal structures for compounds 1 and 2 were collected at -180(1) °C by using a Rigaku MM007 High brilliance RA generator (Mo Kα radiation, confocal optic) and Mercury CCD system. At least a full hemisphere of data was collected using ω scans. Intensities were corrected for Lorentz, polarisation and absorption. Data for the chalcogenide compounds nO, nS, nSe (n = 1-3) were collected at -148(1) °C on a Rigaku ACTOR-SM, Saturn 724 CCD area detector with confocal optic Mo-Kα radiation (λ = 0.71073 Å). The data were corrected for Lorentz, polarisation and absorption. The data for the complexes analysed was collected and processed using CrystalClear (Rigaku). [35] The structure was solved by direct methods [36] and expanded using Fourier techniques. [37] The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were refined using the riding model. All calculations were performed using the CrystalStructure [38] crystallographic software package except for refinement, which was performed using SHELXL-97. [39] These X-ray data can be obtained free of charge via www. 
Computational Details
Geometries were fully optimised in the gas phase at the B3LYP level [40] using Curtis and Binning's 962(d) basis [41] on Se and 6-31+G(d) elsewhere, followed by calculation of the harmonic frequencies to confirm the minimum character of each stationary point and evaluation of Wiberg bond indices, [29] obtained in a natural bond orbital [42] analysis. The optimisations were started from the experimental structures available from X-ray crystallography, for which the WBIs were calculated as well. Radical cations were re-optimised from the closed-shell minima using the unrestricted KohnSham formalism (spin contamination was negligible in all cases). The computations were performed using the Gaussian 03 suite of programs. [43] δSe n/a n/a n/a -341
1 JPSe n/a n/a n/a 722 1 JPSe n/a n/a n/a 715 Splay angle [b] 11.7 13.1 11.9 13.8 (1); equatorial [b] θ2 -89. [a] axial: perpendicular to C(ar)-Z-C(R) plane; [b] equatorial: coplanar with C(ar)-Z-C(R) plane; [c] twist: intermediate between equatorial and axial. (17) (18) (19) (20) (21) (22) (23) is the centroid of atoms C(17)-C (22); [b] all CH bonds have been refined to 0.99(1)A. 
